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Highly sensitive and self-healing conductive hydrogels fabricated from
cationic cellulose nanofiber-dispersed liquid metal for strain sensors

Shihao Wu'', Bingyan Wang'’, Duo Chen?, Xiaona Liu', Huili Wang', Zhaoping Song', Dehai Yu',

Guodong Li', Shaohua Ge’ and Wenxia Liu'*

ABSTRACT The emergence of liquid metal (LM) emulsion as
a soft multifunctional filler brings a new opportunity for
fabricating hydrogel-based strain sensors with multi-
functional properties. However, the extremely large surface
tension and high density of LMs inhibit emulsification.
Herein, we demonstrated a strategy for stabilizing LM emul-
sions using cationic cellulose nanofibers (CCNFs) to en-
capsulate LM droplets through strong electrostatic attraction
with LM. By inducing acrylic acid (AA) polymerization in the
presence of a CCNF-stabilized LM emulsion, a conductive
hydrogel was prepared with the formation of reversible hy-
drogen bonds, ionic coordination, and electrostatic interac-
tions among CCNFs, LM droplets, and poly(acrylic acid)
(PAA). The hydrogel obtained, named the CCNF-LM-PAA
hydrogel, shows good conductivity (1.54 S m™), remarkable
tensile strength and elongation at break, self-adhesiveness,
and quick self-healing capability. As a strain-sensing material,
the CCNF-LM-PAA hydrogel exhibits a very high sensing
sensitivity (gauge factor = 16.2), a low strain detection limit
(less than 1%), a short response/recovery time (107/91 ms),
and good durability (300 cycles). These results enable the
CCNF-LM-PAA hydrogel-based strain sensor to be an ex-
cellent wearable device for monitoring various human activ-
ities. Therefore, introducing additional electrostatic
interactions by using CCNFs to stabilize LM emulsions pro-
vides a practical way to enhance the strain-sensing perfor-
mance of LM emulsion-based hydrogels for assembling self-
attached wearable devices.

Keywords: hydrogel, liquid metal, emulsion, cationic cellulose
nanofibers, strain sensor, self-healing

INTRODUCTION

In recent decades, artificial intelligence technology [1], soft
robotics [2,3], wearable devices [4,5], and implantable biome-
dical devices [6] have undergone rapid development, making
skin-like materials an important medium for human-machine
interactions [7] and receiving extensive attention from industry
and academia. When acting as the substrates/matrices of elec-

tronic skins, which are multiple strain sensors that can mimic
the sensory characteristics of human skin and convert external
stimuli such as pressure [8], strain [9,10], vibration [11], tem-
perature [12,13], and humidity [14,15] into detectable electrical
signals, skin-like materials are generally required to show low
toxicity/good biocompatibility, good mechanical properties, and
long-term stability. Meanwhile, to avoid accidental damage to
electronic skin during use, skin-like materials must be imparted
with self-healing properties, which in turn substantially improve
the durability and service life of electronic skin [16-19].
Polymeric hydrogel is an ideal skin-like material as the matrix
of a flexible strain sensor because of its good biocompatibility,
softness, and strong similarity to wet tissue [20-22]. The poly-
meric hydrogel possesses a three-dimensional (3D) polymer
network, which has the remarkable characteristics of viscoelas-
ticity and hydrophilicity [23-25]. Hydrogels with polymer
chains crosslinked through noncovalent bonding and dynamic
covalent bonding can easily be self-healed by regaining their
structure after they are damaged [26,27]. Meanwhile, by incor-
porating conductive materials into the polymeric network,
conductive hydrogels can be prepared for direct use as the
sensing material of a strain sensor [28,29]. Conductive materials,
such as carbon-based materials, MXenes, metal nanoparticles/
nanowires, and liquid metals (LMs), and conductive polymer-
based materials have been introduced into the insulating
hydrogel matrix as conductive fillers for strain sensor fabrication
[30-32]. In addition to providing conductivity for hydrogels,
conductive materials also substantially affect the mechanical and
self-healing properties of hydrogels. Among the reported con-
ductive materials, LMs such as gallium and its eutectic alloys
have attracted increasing attention in fabricating strain sensors
as soft fillers of conductive hydrogels because of their high
conductivity, negligible toxicity, excellent antibacterial proper-
ties, and good matching with the polymer matrix of stretchable
hydrogels [33-36]. In addition, LMs and their derivatives show
strong interactions with chemical groups such as -NH,, -OH,
and ~-COOH, which are conducive to forming strong conductive
hydrogels by producing good interfacial interactions between
LM and the polymer matrix [37-40]. Meanwhile, LMs can
produce active radicals and Ga** under sonication, which allows

! State Key Laboratory of Biobased Materials and Green Papermaking, Qilu University of Technology, Shandong Academy of Sciences, Jinan 250353, China

% Department of Optoelectronic Science and Technology, Qilu University of Technology, Shandong Academy of Sciences, Jinan 250353, China

? Department of Periodontology, School and Hospital of Stomatology, Cheeloo College of Medicine, Shandong University & Shandong Key Laboratory of Oral
Tissue Regeneration & Shandong Engineering Laboratory for Dental Materials and Oral Tissue Regeneration, Jinan 250012, China

 These authors contributed equally to this work.
" Corresponding author (email: liuwenxia@qlu.edu.cn)

May 2023 | Vol.66 No.5

© Science China Press 2023

1923


mater.scichina.com
springerlink.bibliotecabuap.elogim.com
https://doi.org/10.1007/s40843-022-2328-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s40843-022-2328-8&amp;domain=pdf&amp;date_stamp=2023-01-13

ARTICLES

SCIENCE CHINA Materials

an extremely rapid in situ formation of conductive hydrogels at
room temperature by promoting the monomer polymerization
and offering hydrogels with self-healing properties by ionically
crosslinking the formed polymers [8,33,41]. However, LMs are
featured as a water-insoluble fluid with low viscosity, high
density, and extremely large surface tension. To be uniformly
integrated into hydrogels as a droplet filler, the continuous LMs
must be dispersed in the aqueous phase under the protection of
surface-active substances through high shear or sonication to
form stable LM emulsions [41].

Because of the interaction of LMs with -NH,, -OH, and
—-COOH, polar monomers such as acrylic acid (AA) [41] and
acrylamide (AM) [42] have been used to keep the LM droplets
stable when polymerized in situ, and crosslinked polyacrylamide
(PAM) and poly(acrylic acid) (PAA) have been employed as the
polymeric matrix of hydrogels. Unfortunately, polar monomers
only provide a limited stabilization effect on LM emulsions
because of the extremely large surface tension and high density
of LMs, which inevitably induce gravitational sedimentation and
the coalescence of LM droplets [8,42]. Consequently, the LM-
based hydrogels obtained show limited sensitivity (gauge factor,
GF). Using hydrophilic polymers such as polyvinyl alcohol
(PVA) [38], tannic acid-crosslinked PVA [39], and epi-
chlorohydrin-crosslinked chitosan quaternary ammonium salt
[43] to stabilize LM droplets or using carboxymethylcellulose
(CMC) [44] to costabilize LM droplets with AM can sub-
stantially reduce the sedimentation and coalescence of LM
droplets. However, the stretchability of the conductive hydrogels
obtained is rather low, probably because of the low flexibility of
crosslinked PVA and chitosan quaternary ammonium salt,
where they solely constitute the polymeric matrices of the cor-
responding conductive hydrogels, or because of double network
formation with reduced stretchability by stiff CMC and in situ
synthesized and crosslinked PAM. Meanwhile, hydrophilic
particles such as dialdehyde xylan [45], graphene oxide [46,47],
and (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl-oxidized cellu-
lose nanofibers (CNFs) [48] have also been employed to stabilize
LM droplets, while poly(3,4-ethylenedioxythiophene):sulfonated
bacterial CNF (PEDOT:BCNF) has been used to costabilize LM
droplets with AA [34]. Interestingly, these hydrophilic particles
provide good protection effects for the LM droplets by forming
mechanical barriers, preventing the LM droplets from under-
going sedimentation and coalescence [33,45]. However, these
hydrophilic particles generally carry negative charges, which
impair their interactions with LM droplets by reducing elec-
trostatic attraction.

To fully use LM as a multifunctional filler, herein, we develop
a new strategy for stabilizing LM emulsions by encapsulating LM
droplets with cationic CNFs (CCNFs) rich in quaternary
ammonium groups, which induce strong ion-dipole/electrostatic
interactions with LM droplets and provide mechanical barriers
to prevent the LM droplets from coalescing and undergoing
sedimentation. During the LM emulsifying process, ultrasonic
treatment is applied to break bulk LM into droplets and produce
active radicals and gallium oxide. The active radicals enable vinyl
monomer—AA to polymerize at room temperature, while the
gallium oxide reacts with the AA to form Ga**, which not only
provides ionic conductivity for hydrogels but also induces quick
gelatinization by ionic crosslinking among PAA molecules,
intriguing the development of self-healing and adhesive beha-
viors for the as-prepared hydrogels. Meanwhile, CCNFs simul-
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taneously act as a reinforcing agent to constitute a double
network structure with in situ synthesized PAA for fabricating
LM droplet-based conductive hydrogels by additionally intro-
ducing reversible electrostatic interactions with PAA. Because of
the high aspect ratio and strong interaction with LM droplets
and PAA, the CCNFs not only prevent the sedimentation and
coalescence of LM droplets but also improve the interfacial
compatibility between the LM droplets and the PAA matrix,
enabling the as-prepared CCNF-LM-PAA hydrogels to possess
ultrahigh sensing performance in addition to showing high
stretchability, good self-healing ability, and self-adhesiveness.
Therefore, using CCNFs to encapsulate LM droplets opens a
new window to quickly and easily fabricating multifunctional
conductive hydrogels for highly sensitive strain sensors.

EXPERIMENTAL SECTION

Materials

CCNFs with a diameter of 10-20 nm and a length of 10-20 pm
were procured from Tianjin Woodelf Biotechnology Co., Ltd.
(Tianjin, China) as an aqueous dispersion at a concentration of
1.35 wt%. According to the supplier, the CCNFs were made
from softwood pulp and had a cationic charge density of
0.480 mmolg™'. LM (99.99% Ga) was purchased from
Guangzhou Lige Technology Co., Ltd. (Guangzhou, China). AA
(>99%) was purchased from Guangzhou Sopo Biolog Technol-
ogy Co., Ltd. (Guangzhou, China). Ammonium persulfate (APS,
>98%) was obtained from Shanghai Macklin Biochemical Co.,
Ltd. (Shanghai, China). All the reagents were used as received.

Preparation of CCNF-stabilized LM emulsions

A CCNF-stabilized LM emulsion was prepared by sonication [8].
Typically, 0.2 g of Ga was added to 7 mL of a CCNF aqueous
dispersion. The mixture was then sonicated for 15 min using a
cell fragmentation instrument (JY92-IIN, Shanghai, China) with
a power of 500 W in an ice-water bath. By changing the con-
centration of the CCNF aqueous dispersion or the amount of the
added Ga, Ga emulsions with different CCNF concentrations
and amounts of added Ga were prepared.

Preparation of CCNF-LM-PAA hydrogels

CCNF-LM-PAA hydrogels were fabricated by AA polymeriza-
tion, hydrogen bonding, ionic crosslinking, and electrostatic
interaction-induced gelatinization. In a typical process, 2.7 mL
of AA was added to 7 mL of CCNF-stabilized Ga emulsion,
followed by the addition of 0.025 g of APS under stirring. After
blending for a few seconds, the mixture was poured into a mold
and stood at room temperature for gelatinization, which
occurred quickly.

Characterization

The morphologies and structures of the as-prepared CCNEF-
stabilized LM emulsion and CCNF-LM-PAA hydrogel were
analyzed using scanning electron microscopy (SEM) and
microcomputed tomography (micro-CT). The SEM images were
recorded on a Hitachi Regulus 8220 scanning electron micro-
scope (Hitachi, Tokyo, Japan). 3D images of the CCNF-LM-
PAA hydrogels were collected using a microCT system (Sky-
Scan2211, Bruker, Munich, Germany). The stress-strain curves
of various hydrogel samples with a length of 15 mm and width
of 4 mm were plotted using the data collected from tensile tests
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performed using a Texture Analyzer (TA. XT Plus C, Stable
Micro Systems, Surrey, UK) operated at a speed of

20 mm min~.

Sensing performance measurements

The sensing performance of the CCNF-LM-PAA hydrogels
acting as sensing materials was evaluated through their real-time
response to applied strain. The real-time resistance of CCNF-
LM-PAA hydrogel samples with dimensions of 15 mm x 5 mm
x 5 mm was recorded using a designed system composed of a
texture analyzer (TA. XT Plus C, Stable Micro Systems, the
United Kingdom), a computer, and a digital source meter (2450,
Keithley Co., Solon, OH, USA).

RESULTS AND DISCUSSION

Preparation and characterization

CCNEF-LM-PAA hydrogels were produced by dispersing Ga in a
CCNF aqueous dispersion under sonication, followed by mixing
with AA and APS to induce in situ AA polymerization by APS in
the presence of Ga droplets at room temperature, as shown in
Fig. 1a, where in situ polymerized and crosslinked PAA and
CCNFs act as the soft and hard polymeric networks of the
hydrogel, respectively. In this system, the CCNF-LM-PAA-
hydrogel is constructed by CCNF-stabilized LM droplet-rein-
forced PAA-CCNF double networks, which form through ionic
coordination, hydrogen bonds, and electrostatic/ion-dipole
interactions, as shown in Fig. 1b.

As an active metal, Ga is easily oxidized to form a thin oxide
layer in the presence of oxygen [49]. When Ga was dispersed
into a CCNF aqueous dispersion under sonication, Ga,O; was
formed on the LM droplet surfaces, as confirmed by the X-ray
photoelectron spectroscopy spectra shown in Fig. S1-i-iii. The
presence of Ga,O; on LM droplet surfaces makes the LM dro-
plets produce hydrogen bonding and ion-dipole/electrostatic
interactions with CCNFs in the emulsification process of LM,
allowing the formation of a stable LM emulsion under sonica-
tion. CCNF-stabilized LM emulsion formation enables LM to
uniformly mix with AA as a conductive filler and as a binding
site to connect CCNFs and PAA, while the LM droplets simul-
taneously promote AA monomer polymerization in the presence
of persulfate radical initiators, probably due to the redox cata-
lysis of Ga for persulfate to generate radicals, enabling PAA to
form at room temperature [8,47]. Furthermore, the LM droplets
can react with H" generated by ~-COOH ionization of AA to
generate Ga’*, which can be confirmed by the substantially
increased Ga(IIl) in the gelatinization process of CCNF-LM-
PAA, as shown in Fig. Sl-iv-vi. Ga** can coordinate with
-COO~ to ionically crosslink PAA, while the quaternary
ammonium groups of CCNFs can electrostatically interact with
-COO7, resulting in the formation of CCNF- and PAA-based
supramolecular double networks [50]. Consequently, the CCNF-
LM-PAA hydrogel is rapidly formed at room temperature
(Fig. S2).

Fig. 2a shows the appearance of CCNEF-stabilized LM emul-
sions with the CCNF concentration of 0.2 wt% and 0.2 g of Ga
(the CCNF:Ga mass ratio is 0.14:2) under different standing
times. As shown in Fig. 2a, the CCNF-stabilized Ga droplets
remain well dispersed for at least 48 h, while the Ga droplets
without CCNF protection precipitate quickly, confirming the
excellent stabilization effect of CCNFs on Ga droplets due to the
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strong interaction of Ga and Ga,O; with the hydroxyl groups
[8,41] and the quaternary ammonium groups of CCNFs [43].

Fig. 2b shows the SEM images of the same CCNF-stabilized
LM emulsion. Apparently, the Ga droplets have a diameter of
0.25-1.0 um and possess a regular spherical shape with CCNFs
covering their surfaces. CCNFs form mechanical barriers to
prevent the Ga droplets from coalescing and undergoing sedi-
mentation [33]. Meanwhile, CCNFs are also present in the
continuous phase, allowing them to be a part of the CCNF-LM-
PAA hydrogel matrix. The Ga droplets, together with their
CCNF coverage, not only accelerate the formation of the
hydrogel as the source of free radicals but also participate in the
formation of the hydrogel as an important component. There-
fore, the LM droplets inhabit mainly the polymeric matrix of the
hydrogel, as shown in the SEM image of the cross-sectional
CCNF-LM-PAA hydrogel with a CCNF:Ga:AA mass ratio of
0.14:2:27 after being freeze-dried (Fig. 2¢). The Ga distribution
in the hydrogel was further characterized using energy dispersive
X-ray spectroscopy (EDS) elemental mapping (Fig. 2d, e). As
shown in Fig. 2d, e, the Ga atoms are evenly dispersed in the
polymeric matrix composed of C and O atoms. Fig. 2f shows the
micro-CT image of the hydrogel, which further illustrates the
uniform dispersion of Ga in the hydrogel.

Fig. 2g shows that the CCNF-LM-PAA hydrogel can be
molded into various shapes, indicating the good moldability of
the hydrogel originating from controllable gelatinization.
Adhesiveness is a crucial property for new wearable sensors
directly adhering to skin without using adhesive tape or ban-
dages in monitoring large-range human motion [50,51]. The
CCNF-LM-PAA hydrogel, as shown in Fig. 2h and Fig. S3a, has
good adhesiveness to various surfaces, such as skin, metal, wood,
glass, paper, plastic, and rubber, and can easily stick to human
skin and bear a weight of 200 g without falling off. The good
adhesiveness of the CCNF-LM-PAA hydrogel to various sub-
strates is attributed to its combined performance in forming
chemical bonds and a mechanical interlock with joint surfaces,
as well as energy dissipation in deformation [46]. The CCNF-
LM-PAA hydrogel can form hydrogen bonds, ionic coordina-
tion, and ion-dipole/electrostatic interactions with various sub-
strate interfaces because of the presence of Ga** and numerous
functional groups, such as carboxyl, hydroxyl, and quaternary
ammonium groups, in the hydrogel [52,53]. The formation of a
mechanical interlock with rough surfaces originates from the
good moldability of the CCNF-LM-PAA hydrogel, which can fill
the pits before gelatinization. The double network structure and
the strong interactions among CCNF, LM, and PAA contribute a
high-energy dissipation in the separation of bonded CCNF and
PAA and the slipping and detaching of the CCNFs and PAA
from the surface of LM droplets [46]. Quantitative measure-
ments of the adhesiveness further reveal that the adhesive
strength of the CCNF-LM-PAA hydrogel to plastic, wood, paper,
glass, and rubber is 0.05, 14, 1.92, 0.554, and 0.101 MPa,
respectively (Fig. S3b). CCNF-LM-PAA hydrogel has a higher
adhesive strength to wood, paper, and glass than to plastic and
rubber because of the larger amount of hydrophilic functional
groups of the former substances, particularly hydroxyl groups,
which form more chemical bonds with the hydrogels. The
hydrogel has a higher adhesive strength to wood than to paper
because of the rougher surfaces of the former substance.
Meanwhile, the CCNF-LM-PAA hydrogel is highly stretchable.
As shown in Fig. 2i, the 2-cm-wide hydrogel is stretched to
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Figure 1 Schematics of (a) CCNF-LM-PAA hydrogel preparation and (b) the interactions among CCNFs, LM droplets, and PAA.

30 cm, proving its excellent stretching capacity. During the
stretching process, the hydrogel becomes longer and thinner,
leading to an increase in the resistance of the hydrogel [26].
Therefore, the hydrogel is expected to be a competent sensing
material.

The rheological measurement of CCNF-LM-PAA hydrogel
shows that its storage modulus (G’) is far larger than its loss
modulus (Fig. S4), confirming the elastic solid-like nature of the
hydrogel [46]. To further quantify their mechanical properties,
hydrogels with different added Ga amounts and CCNF con-
centrations were prepared. According to Fig. 2j-k, the con-
centration of CCNFs and the added amount of Ga in the system
have an obvious effect on the tensile strength and stretchability
of the hydrogels. The tensile strength and toughness improve,
but the elongation at break decreases with increasing CCNF
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concentration and Ga added amount (Fig. S5) because CCNFs
form a rigid network to dissipate substantial amounts of energy
during deformation [26], while Ga droplets react with H* to
form Ga®, which induces ionic crosslinking among PAA
molecules [49], both of which are conducive to increasing the
resistance of hydrogels to deformation. Therefore, too much
Ga** or excess CCNFs may make the hydrogel brittle. Com-
bining cost savings with the discovery that the conductivity of
the CCNF-LM-PAA hydrogels does not change remarkably with
the amount of Ga (Fig. S6), we finally selected the hydrogel
fabricated with a 0.4 wt% CCNF-stabilized LM emulsion con-
taining 0.2 g of Ga, which has a tensile strength and toughness of
119 kPa and 1815kJ m™, respectively, and sustains a large
elongation at break of approximately 1674%. To further evaluate
the fatigue resistance of the hydrogel prepared with a 0.4 wt%

May 2023 | Vol.66 No.5
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Figure 2 (a) Photographs of LM emulsions prepared by dispersing 0.2 g of Ga in (a-i) 0.2 wt% CCNFs, where the CCNF:Ga mass ratio is 0.14:2 and
(a-ii) pure water as a function of the standing time. SEM images of (b) CCNF-stabilized LM droplets and (c) the cross-sectional CCNF-LM-PAA hydrogel with
a CCNF:Ga:AA mass ratio of 0.14:2:27 after being freeze-dried. (d, ¢) SEM-EDS element map images of the CCNF-LM-PAA hydrogel showing the distribution
of C, O, and Ga in the same region. (f) Micro-CT images of the CCNF-LM-PAA hydrogel. Photograph of (g) the CCNF-LM-PAA hydrogel with different
shapes, (h) CCNF-LM-PAA hydrogel for lifting a 200-g weight by adhesiveness and adhering to rubber latex gloves, and (i) CCNF-LM-PAA hydrogel for
showing stretchability. Stress-strain curves of CCNF-LM-PAA hydrogels fabricated by introducing CCNF-stabilized LM emulsions with (j) different con-
centrations of CCNFs, where Ga:AA is fixed at 2:27, and (k) different amounts of Ga, where the concentration of CCNFs is fixed at 0.4 wt%, and CCNF:AA is
fixed at 0.28:27.

CCNF-stabilized LM emulsion containing 0.2 g of Ga, tensile  The recorded real-time tensile stress confirms that the CCNEF-

loading-unloading cyclic tests were conducted at the strains of
100% and 150% for 10 cycles, respectively (Fig. S7). CCNF-LM-
PAA hydrogel deformation is found to effectively dissipate some
of the energy due to the fracture of the physically crosslinked
network and LM droplet deformation during the loading pro-
cess. The deformation at a strain of 150% induces larger energy
dissipation than that at a strain of 100%. However, the energy
dissipation after the first loading-unloading cycle becomes much
smaller and can ensure hydrogel mechanical stability (Fig. S7).

May 2023 | Vol.66 No.5
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LM-PAA hydrogel has considerable mechanical stability to 150%
strain, particularly after undergoing 15 cycles of stretching
(Fig. S8). The excellent mechanical properties of the as-prepared
CCNF-LM-PAA hydrogel lay a good foundation for its use as a
wearable electronic skin.

Self-healing property

Self-healing is one of the most important properties of hydrogel-
based strain sensors because it can minimize the effect of sudden
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damage on the electrical and mechanical properties of sensing
materials. To macroscopically show the self-healing property, as
shown in Fig. 3a, two strips of CCNF-LM-PAA hydrogel were
used to establish a connection between a yellow light-emitting
diode (LED) indicator and a power source, enabling an LED
indicator to be lit. When one strip of hydrogel was cut off, the
LED indicator light was extinguished. Once the two cutoff parts
were connected, the LED indicator could be relit, proving the
self-healing ability of the CCNF-LM-PAA hydrogel [38]. The
mechanical self-healing performance of the CCNF-LM-PAA
hydrogel was further evaluated by conducting tensile tests to
record its stress-strain curves before and after contact with the
two cutoff parts for 20 min. As shown in Fig. 3b, the healed
hydrogel recovered to approximately 82% of its original tensile
stress within 20 min, confirming the excellent mechanical self-
healing performance of the CCNF-LM-PAA hydrogel.

The electrical self-healing performance was investigated by
recording the real-time current evolution of the CCNF-LM-PAA
hydrogel during cutting-healing cycles under an external voltage
of 1 V. The results are displayed in Fig. 3¢, which shows that the
healed hydrogel still sustains an almost constant current after
being cut off eight times at the same position, suggesting a good
self-healing performance of the hydrogel in electrical perfor-
mance. Fig. 3d, e show a recorded cutting-healing cycle and the
conductivity variation in the CCNF-LM-PAA hydrogel before
being cut off and after being healed, respectively. According to
Fig. 3d, e, the CCNF-LM-PAA hydrogel can restore its con-
ductivity within 0.3 s after being cut off and connected together,
and the restored conductivity is 1.541 S m™, which is almost
identical to its initial value of 1.544 S m™!, further verifying the
quick and highly efficient self-healing performance of the
CCNF-LM-PAA hydrogel in electrical conductivity. The good
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Figure 3 (a) Photographs and schematics showing the self-healing behavior of the CCNF-LM-PAA hydrogel as a conductor connected in a circuit with a
yellow LED bulb. (b) Stress-strain curves of hydrogel before and after the contact of the two cutoff parts for 20 min (self-healing). (c) Current variations in the
CCNF-LM-PAA hydrogel with successive cutting and contacting. (d) Time-dependent current and healing speed of the CCNF-LM-PAA hydrogel.
(e) Conductivity of hydrogels before cutting and after self-healing. (f) Schematic of the self-healing process induced by hydrogen bonding and electrostatic

interactions at the fracture interfaces.
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self-healing performance of the CCNF-LM-PAA hydrogel in
terms of mechanical and electrical properties originates from the
reconstruction of the supramolecular network structure and
electrically/ionically conductive pathways within the hydrogel
network [38,48]. According to the reversibility of hydrogen
bonding, ionic coordination, and electrostatic interactions
among PAA, CCNFs, and Ga®*, we proposed the self-healing
mechanism of the CCNF-LM-PAA hydrogel shown in Fig. 3f.
When the two halves of the cutoff hydrogel contact each other,
self-healed supramolecular networks are reformed because of
hydrogen bonding between the -COOH groups of PAA and the
—-OH groups of CCNFs, the ionic coordination between the
-COO~ groups of PAA and Ga*', and the electrostatic interac-
tion between the —-COO~ groups of PAA and the -N*(CHa);
groups of CCNFs, recovering the mechanical strength of the
CCNF-LM-PAA hydrogel by self-healing. Simultaneously, with
the contact between the two halves of the cutoff hydrogel, the
electrically conductive pathways composed of CCNF-stabilized
LM droplets are established immediately, and ionic diffusion
channels composed of crosslinked supramolecular networks are
established with the crosslinking among PAA/CCNFs on the
cutoff interfaces [36].

Sensing performance

Conductivity is a crucial property for conductive hydrogels to
exert good sensing performance [26]. The CCNF-LM-PAA
hydrogel shows high conductivity (1.544 Sm™), which is
derived from the well-dispersed Ga droplets, dissolved Ga*',
-N*, and (CHj3)3/Cl~ from CCNFs, H'/-COO~ from PAA, and
even NH,*/$,04*~ from APS and does not change with the Ga
content (Fig. S6). This phenomenon indicates that the Ga dro-
plets may not form conductive networks within the hydrogel due
to its low content [41], while the Ga** concentration is not
proportional to the Ga content when the added amount of Ga
exceeds 0.1 g. As illustrated in Fig. 4a, the CCNF-LM-PAA
hydrogel can illuminate the LED as a conductor. The LED
became darker with an increasing tensile strain of the CCNF-
LM-PAA hydrogel and then recovered its original luminance
immediately after unloading the strain, indicating a fast resis-
tance response and high strain sensitivity of the CCNF-LM-PAA
hydrogel.

Fig. 4b shows the relationship between the resistance and
strain of the CCNF-LM-PAA hydrogel under different applied
strains. Apparently, the resistance of the CCNF-LM-PAA
hydrogel is only 3.83 kQ without stretching. When a tensile
strain of 25% is applied to the hydrogel, its resistance increases
to 5.53 kQ). Upon further increasing the applied tensile strain to
50%, 75%, and 100%, the resistance increases linearly to 7.14,
9.45, and 11.43 kQ, respectively, further confirming the good
conductivity and excellent response to the applied tensile strain
of the CCNF-LM-PAA hydrogel. Furthermore, when the applied
tensile strain is unloaded, the resistance recovers to its original
value without hysteresis, indicating good hydrogel resilience.

The GF, which is defined as the slope of a plot of the relative
resistance change versus strain, is generally used to evaluate the
strain sensitivity and is calculated as the ratio of the relative
resistance change ((R — Ro)/Ry) to the applied strain (¢), where R
and R, represent the real-time and pristine resistance, respec-
tively [54,55]. As depicted in Fig. 4c, the (R — Ro)/R, value of the
CCNF-LM-PAA hydrogel increases with & within the tested
range of strain (0%-1000%). However, the plot of (R — R)/R,
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versus € is not linear. This plot can be divided into three linear
regions, as labeled in Fig. 4c. In the low & region of 0%-250%,
the calculated GF value is 2.7 for the CCNF-LM-PAA hydrogel-
based strain sensor. In the middle ¢ region of 250%-675% and
the high ¢ region of 675%-1000%, the calculated GF values are
increased to 9.24 and 16.2, respectively. To our knowledge, this
GF value is the highest one obtained from LM droplet-based
conductive hydrogels up to now. The GF value of most LM
droplet-based conductive hydrogel is less than 10 (Table SI).
Even in the high strain range of 1500%-2000%, the highest GF
value in the previous work is only 12.5 [48]. The high GF, which
originates from the high conductivity of the hydrogel and its
multiple conductive modes, indicates the high sensitivity of the
CCNF-LM-PAA hydrogel-based strain sensor.

Fig. 4d-f show the typical real-time (R — Ro)/R, of the CCNEF-
LM-PAA hydrogel-based strain sensor with cyclic loading and
unloading of ¢ in the low to intermediate ¢ regions. As shown in
the figures, all the (R — Ry)/R, versus time curves of the CCNF-
LM-PAA hydrogel-based strain sensor are regular and repea-
table pulses with the same frequency as the loading and
unloading frequency of . The maximum value of the pulses is
proportional to the applied ¢, further confirming the good
relationship between the (R — Ry)/R, output and the applied e.
The repeatability of the outputs is due to the excellent resilience
of the CCNF-LM-PAA hydrogel. Meanwhile, even for the cyclic
loading and unloading at a small strain of 1%, the CCNF-LM-
PAA hydrogel-based strain sensor still outputs regular and
repeatable pulses with a maximum (R — Ry)/R, value higher than
1.5% (Fig. 4e), demonstrating that the sensor detection limit for
tensile strain is lower than 1%. Furthermore, the real-time (R —
Ro)/Ry values of the CCNF-LM-PAA hydrogel-based strain
sensor at an applied ¢ of 50% under different loading and
unloading frequencies were recorded in Fig. 4g. As shown in
Fig. 4g, the recorded (R — Ry)/R, versus time curves have the
same maximum value under different frequencies from 0.5 to
2 Hz, demonstrating the excellent output performance of the
sensor to strain which is independent of the loading and
unloading frequency.

Response/recovery time is an important parameter for a strain
sensor. To obtain the response/recovery time of the CCMF-LM-
PAA hydrogel-based strain sensor, a tensile strain of approxi-
mately 1.2% was applied by manual stretching, and this
stretching state could be maintained for some time. The result is
shown in Fig. 4h, which indicates that the CCNF-LM-PAA
hydrogel-based strain sensor has a very short response time of
107 ms and an even shorter recovery time of 91 ms. The quick
response of the CCNF-LM-PAA hydrogel-based strain sensor is
due to the high resilience of the hydrogel. The sensing stability is
also crucial for a strain sensor, particularly when used as elec-
tronic skin. To evaluate the sensing stability of the CCNF-LM-
PAA hydrogel-based strain sensor, 50% ¢ was repeatedly loaded
and unloaded on the strain sensors for 300 cycles. Fig. 4i shows
the real-time (R — Ry)/Ry output of the CCNF-LM-PAA
hydrogel-based strain sensor under a cyclic tensile strain of 50%.
As shown in Fig. 4i, the (R — Ro)/Ry versus time curves comprise
a series of pulses with similar shapes and amplitudes before the
loading and unloading of the applied & reaches 250 cycles,
indicating that the CCNF-LM-PAA hydrogel-based strain sensor
has excellent sensing stability at low tensile strain. When a high
cyclic tensile strain of 150% is applied to the CCNF-LM-PAA
hydrogel-based strain sensor at a reduced frequency, the sensing
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Figure 4 (a) Luminance variations of an LED with a stretching-releasing cycle of the CCNF-LM-PAA hydrogel, which is used to connect the power supply.
(b) Resistance of the hydrogel to different strains during tensile loading-unloading cycles. (c) Relative resistance change of the CCNF-LM-PAA hydrogel as a
function of tensile strain. (d-f) Real-time relative resistance changes of the CCNF-LM-PAA hydrogel under various cyclic tensile strains. (g) Relative resistance
changes of the CCNF-LM-PAA hydrogel under various cyclic tensile frequencies and (h) the corresponding response and recovery times under 1 Hz.
(i) Relative resistance changes under a cyclic tensile strain of 50% for more than 300 cycles and an enlarged view of the marked region showing the excellent

stability and repeatability of the CCNF-LM-PAA hydrogel-based sensor.

stability is even improved within 100 cycles (Fig. S9).

Application in monitoring human activity

Its good moldability, adhesiveness, self-healing capacity, and
excellent sensing performance qualify the CCNF-LM-PAA
hydrogel as a potential sensing material for wearable devices to
monitor various human activities. To demonstrate its monitor-
ing capabilities as a strain-sensing material, the hydrogel-based
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strain sensor is directly attached to the finger of a volunteer for
recording the real-time value of (R — Ry)/R, induced by finger
bending, and the results are shown in Fig. 5a, b. As shown in
Fig. 5a, when the finger bends stepwise from 0° to 90° and
straightens from 90° to 0°, the CCNF-LM-PAA hydrogel-based
strain sensor produces a stepwise increase and a stepwise
decrease in (R — Ro)/R,, respectively, due to the stretching and
recovery of the hydrogel, while (R — Ro)/R, has the same value at
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Figure 5 Relative resistance change of the CCNF-LM-PAA hydrogel-based strain sensor in response to (a, b) finger bending, (c) wrist bending, (d) frowning,
and (e) smiling. The insets show the motions and experimental setup. Each motion was repeated four times. (f) Relative resistance change of the CCNF-LM-
PAA hydrogel-based strain sensor in response to coughing. The inset shows that the sensor can be directly attached to the neck by self-adhesiveness.

the same bending angle during the bending and straightening
process. Meanwhile, as shown in Fig. 5b, quickly and repeatedly
bending the finger at different angles makes the strain sensor
output real-time repeatable pulses with the maximum value
proportional to the bending angle.

Similarly, when the CCNF-LM-PAA hydrogel-based strain
sensor is self-attached to the wrist of the volunteer and bends
with the wrist periodically, as shown in Fig. 5¢, it outputs real-
time pulses with the same morphology and the corresponding
maximum value. Therefore, the CCNF-LM-PAA hydrogel-based
strain sensor shows a repeatable and proportioned response to
joint bending owing to its good sensing performance and self-
adhesiveness that allows it to conformably stick to the skin.

In addition to large human motion, such as finger and wrist
bending, the hydrogel-based strain sensor was also used to detect
subtle changes in human facial expressions. Fig. 5d shows the
real-time response of the CCNF-LM-PAA hydrogel-based strain
sensor to frowning when it is self-attached to the forehead of the
volunteer. As shown in Fig. 5d, regular and strong real-time
output with (R — Ry)/R less than 0 is produced because of the
compression of the hydrogel produced by frowning. Meanwhile,
the slight differences in each frown lead to a slight difference in
the shape of each (R — Rg)/Ro versus time curve, indicating the
sensitive response of the strain sensor to the subtle motion of the
human body.

When the hydrogel-based strain sensor is attached to the
cheek of the volunteer, as shown in Fig. 5e, the smile of the
volunteer causes stretching, thus increasing the (R — Ro)/R, value
of the hydrogel. Unsurprisingly, the shape of each (R — Ro)/Rg
versus time curve slightly changes with the slight difference of
each smile. Therefore, the CCNF-LM-PAA hydrogel-based
strain sensor can detect the changes in facial expression. To
further monitor the tiny motion induced by throat vibration, the
CCNF-LM-PAA hydrogel-based strain sensor was self-attached
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to the throat of the volunteer to monitor the real-time variation
in (R — Ry)/Ry with coughing, and the results are shown in
Fig. 5f. Apparently, the throat vibration induced by coughing
makes the hydrogel-based strain sensor output sharp peaks with
maximum values larger than that induced by facial expressions
and proportional to the cough strength, indicating that the
hydrogel-based strain sensor can accurately detect tiny throat
vibrations.

CONCLUSIONS

In summary, this work demonstrated a strategy for stabilizing
LM emulsions by encapsulating LM droplets with CCNFs, which
formed mechanical barriers to prevent the LM droplets from
coalescing and undergoing sedimentation. The encapsulated LM
droplets had a diameter of 0.25-1.0 um and were incorporated
into the hydrogel by being added into AA, which was in situ
polymerized and crosslinked to form the polymeric networks
together with CCNFs. As a conductive filler, the reservoirs of an
ionic crosslinking agent (Ga®*) and a hard network-forming
component, the CCNF-stabilized LM emulsion constituted a
CCNF-LM-PAA hydrogel together with in situ synthesized PAA
through reversible hydrogen bonds, ionic coordination, and
electrostatic interactions. The multiple functions of the CCNEF-
stabilized LM emulsion allowed the CCNF-LM-PAA hydrogel to
show good conductivity (1.54 Sm™), remarkable mechanical
properties, self-adhesiveness, and quick self-healing capability.
As a strain-sensing material, the CCNF-LM-PAA hydrogel
exhibited a very high sensing sensitivity (GF = 16.2), a low strain
detection limit (less than 1%), a short response/recovery time
(107/91 ms), and good repeatability and durability. The excellent
sensing performance, self-adhesiveness and self-healing capacity
also make the CCNF-LM-PAA hydrogel-based strain sensor
competent for monitoring various human activities, including
large motions (such as bending fingers and wrists), subtle
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motions (such as frowning and smiling), and tiny motions (such
as throat vibrations induced by coughing). Therefore, using
CCNFs to stabilize LM emulsions enabled the LM-based
hydrogel to be a potential sensing material for self-attached
wearable devices.
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